ABSTRACT: Experiments were conducted to determine the effect of fumaric acid supplementation and buffering capacity of the diet on ileal and fecal digestibilities of CP, GE, and amino acids in early-weaned pigs. In two experiments, 12 pigs each were weaned at 14 d of age and fitted with a simple T-cannula at the distal ileum between 15 and 17 d of age. In both experiments, the pigs were fed four diets, based on wheat and soybean meal without (control) or with 1, 2, or 3% fumaric acid according to a balanced two-period changeover design. In Exp. 2, the buffering capacity of the diets was increased by supplementation of 3% sodium bicarbonate. The pigs were fed three times daily: equal amounts at 8-h intervals. The diets were supplied at a rate of 5% (wt/wt) of body weight. The inclusion of fumaric acid to the diet with a low buffering capacity increased (P < .05) the ileal digestibilities of CP, GE, and the majority of amino acids. The highest responses were found at an inclusion level of 2% fumaric acid. The improvements in apparent ileal amino acid digestibilities ranged from 4.9 to 12.8 percentage units. Sup-
Introduction
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Received October 26, 1998 . Accepted April 26, 1999 2974 plementation of fumaric acid to a diet with a high buffering capacity led only to numerical increases in ileal digestibilities of CP, GE, and amino acids. In both studies, fumaric acid supplementation had no effect (P > .05) on the fecal digestibilities of CP, GE, and amino acids, except histidine. A high buffering capacity of the diet decreased the ileal amino acid digestibilities by 1 to 10 percentage units compared with diets with the low buffering capacities. In both experiments, ileal and fecal digestibilities were higher (P < .05) in Period 2 (on d 24 after weaning) than in Period 1 (on d 11 after weaning). A positive correlation (P < .05) between ileal digestibilities and fumaric acid supplementation to the diets with the low buffering capacities was observed in Period 1 (on d 11 after weaning), but not in Period 2 (on d 24 after weaning). No relationship (P > .05) between ileal digestibilities and fumaric acid supplementation to the diets with a high buffering capacity could be established. In conclusion, supplementation of fumaric acid to starter diets during the first 3 to 4 wk after weaning increases the ileal digestibilities of GE, CP, and amino acids.
One possible mechanism for the growth-promoting effect is an improvement in the digestibilities of nutrients and GE (Kirchgessner and Roth, 1988) . The inability of early-weaned pigs to secrete sufficient HCl to maintain a low pH in the stomach (Cranwell and Titchen, 1974) for optimal enzyme activation (Schnabel et al., 1982) and efficient digestion of diets based on plant protein sources may play a major role in the mode of action of organic acids. Furthermore, Lindemann et al. 3 Present address: Institute of Animal Nutrition, Physiology, and Metabolism, Christian-Albrechts-University, D-24098 Kiel, Germany (phone: +49-431-880-2962; fax: +49-431-880-1528; E-mail: blank@ aninut.uni-kiel.de) . 4 To whom correspondence should be addressed. Phone: +49-711-459-3938; fax: 49-711-459-2421; E-mail: rhmosent@uni-hohenheim. de. (1986) and Efird et al. (1982) reported a low secretion of pancreatic enzymes in early-weaned pigs that might be an additional factor responsible for the inefficient digestion of plant-based diets, especially if the proteolytic capacity in the stomach is limited.
However, the responses to acidification of starter diets reveal a considerable variation in the action of different organic acids. As was reviewed by Ravindran and Kornegay (1993) , the inconsistency of responses may be attributed to differences in experimental approaches. These variables include differences in dietary ingredients, buffering capacity, age of animals, and type and level of acidifier. There is a scarcity of information on the effect of supplementation of organic acids and dietary buffering capacity on ileal digestibilities of GE and amino acids, especially in early-weaned pigs.
Our objective for these experiments was to determine the effect of different levels of fumaric acid supplementation and dietary buffering capacity on the ileal and fecal nutrient and GE digestibilities in pigs weaned at 14 d of age.
Experimental Procedures
Animals and Diets. Twelve pigs, weaned at 14 d of age, were obtained from the University of Alberta swine herd for each of two experiments. The average weaning weight of the pigs in Exp. 1 and 2 were 4.7 and 5.6 kg, respectively. The pigs were housed in metabolic crates (height: 85 cm; length: 70 cm; width: 65 cm) in a temperature-controlled room (30°C). On d 15 to 17 of age, the pigs were fitted with a simple T-cannula at the distal ileum. The preparation and the dimensions of the cannulas as well as the procedures for pre-and postoperative care were previously described in detail by Li et al. (1994) . From 14 to 20 d of age, the pigs were fed a milk-based nonmedicated, milk replacer (Wet Nurse, Prairie Micro. Tech Inc., Regina, Saskatchewan) in liquid form, four times daily in equal amounts (250 mL), at 6-h intervals. The milk replacer was mixed according to the directions of the manufacturer. The pigs received no creep feed. Water was freely available from a lowpressure drinking nipple.
The formulation of the experimental diets of Exp. 1 and 2 is presented in Table 1 . The ingredients were ground through a 2-mm mesh screen before incorporation into the diets. Treatments in Exp. 1 consisted of a wheat-soybean meal diet formulated to contain 20% CP with a low buffering capacity, without (control) or supplemented with 1, 2, and 3% fumaric acid, respectively. Canola oil was included in the diets to increase the digestible GE content to the level recommended by NRC (1988) . Vitamins, minerals, and lysine were supplemented to meet or exceed NRC (1988) standards. Chromic oxide was used as indicator to determine the digestibilities of the variables measured. Fumaric acid was included in the diets at the expense of sucrose. The pigs received the same diets in Exp. 2, but they were supplemented with 3% sodium bicarbonate at the expense of sucrose in order to increase the buffering capacity.
From d 21 of age, the pigs were fed the experimental diets according to a balanced two-period change-over design (Gill and Magee, 1976) . Each experimental period lasted 13 d. The pigs were fed three times daily at a rate of 5% of the average BW of all pigs, which was determined at the initiation of each experimental period. The average BW of the pigs at the beginning of Periods 1 and 2 were 5.5 and 7.2 kg in Exp. 1 and 6.5 and 10.4 kg in Exp. 2. The average BW at the conclusion were 10.4 kg in Exp. 1 and 11.6 kg in Exp. 2, respectively. The collection of feces began at 2400 on d 7 of each period and continued for 72 consecutive hours. Ileal digesta were collected for 24 h; from 2400 to 800 and from 1600 to 2400 on d 10 and from 0800 to 1600 on d 11. The procedures for collection of feces and digesta were previously described by Li et al. (1994) . Following collection, feces and digesta were frozen immediately at -28°C. Samples were pooled, giving one sample of feces and digesta for each pig in each period. The experimental proposal, surgical procedures, and procedures for care and treatment of the pigs were reviewed and approved by the Faculty of Agriculture and Forestry Animal Care Committee at the University of Alberta. The animals were cared for in accordance with the guidelines established by the Canadian Council on Animal Care (1980). Chemical Analyses. After the conclusion of the animal trials, digesta and feces were freeze-dried, then pooled within pig and period for the same dietary treatment, ground, and mixed before analyses. Samples of ingredients and diets were ground similarly. Analyses for DM and OM were conducted according to AOAC (1990) . The buffering capacity and the pH of the diets were measured according to Bolduan et al. (1988b) . Gross energy was determined using a Parr 1241 adiabatic bomb calorimeter (Parr Instruments, Moline, IL). Crude protein was analyzed using an automated nitrogen analyzer (FP-428 nitrogen determinator, Leco Corporation, St. Joseph, MI). Chromic oxide was determined according to the procedure of Fenton and Fenton (1979) .
For amino acid analyses, .1 g of sample was weighed into a screw-capped test tube and mixed with 3 mL of 6 N HCl. The tubes were purged with nitrogen and then hydrolyzed in an oven at 110°C for 24 h. The hydrolyzed samples were mixed with the internal standard, DLamino-n-butyric acid, and centrifuged at 1,110 × g for 15 min at 4°C. The supernatant of the sample was analyzed according to procedures outlined by Jones and Gilligan (1983) using a Varian 5000 HPLC system with a reversed-phase column and a Varian Fluorichrom detector (Varian Canada Inc., Mississauga, ON). This procedure was described in more detail by Sedgwick et al. (1991) . The amino acids were derivatized with an ophthaldialdehyde reagent solution. The mobile phase consisted of two solvents with a flow rate of 1.1 mL/ min. Solvent A contained .1 M sodium acetate (pH 7.2), Least squares means in the same row with different superscripts within each experiment differ (P < .05).
methanol, and tetrahydrofuran in a ratio of 18:1; Solvent B was pure methanol. Peaks were recorded and integrated using the EZchrom chromatography system (version 2.12, Shimadzu Scientific Instruments Inc., Columbia, MD). Methionine and cysteine were determined as methionine sulfone and cysteic acid after oxidation with 98% performic acid according to AOAC (1990) . The oxidized samples were dried according to procedures described by Dugan et al. (1992) , and then hydrolyzed and analyzed in the same manner as for the other amino acids. Tryptophan and proline were not analyzed.
Statistical Analyses. The results from each experiment were subjected to analysis of variance separately, using the model of Gill and Magee (1976) for four treatments with pigs (blocks), periods, and diets as the main effects using the GLM procedure of SAS (1990) . There was a time difference of 3 mo between Exp. 1 and 2. The effect of sodium bicarbonate between Exp. 1 and 2 was not statistically evaluated, because of a possible period effect between Exp. 1 and 2. The model for each experiment was as follows:
where i = 12, j = 2, and k = 4. Each experiment was completely balanced with diets adjusted for pig (block) effects and orthogonal to periods. Therefore, interactions were not included (Gill and Magee, 1976) . Means of treatments and periods were compared using Fisher's least significance difference test, and the statistical significance level was claimed at P < .05.
Additionally, the results of each experiment were used to establish simple linear relationships between the apparent ileal digestibilities and the level of fumaric acid in the diet. Results of each experiment were analyzed for each period separately because there were significant period effects in each experiment. The regression equations were developed using the regression procedures of SAS (1990) .
Results
The pigs remained healthy and consumed their daily allowances throughout the experiments. Postmortem examinations, conducted at the conclusion of each experiment, revealed no adhesions or other intestinal abnormalities.
The analyzed chemical composition as well as the pH and the buffering capacity of the dietary ingredients and diets in Exp. 1 and 2 are shown in Table 2 . The chemical composition of wheat and soybean meal are in the range of values reported by NRC (1988) and Degussa (1996) . The proximate and amino acid composition of the diets were similar to the expected values calculated from the chemical composition of the dietary Least squares means in the same row with different superscripts within each experiment differ (P < .05).
ingredients. The diets were formulated to be isoenergetic (GE) and isonitrogenous. Experiment 1. Supplementation of fumaric acid to the diet with a low buffering capacity decreased the pH of the diet by .4 for each percentage unit from 5.2 to 4.0. The buffering capacity decreased from 23.5 in the control diet to 0 in the diet with 3% fumaric acid ( Table 2) .
The apparent ileal digestibility coefficients of DM, OM, GE, CP, and amino acids in the experimental diets of both experiments are shown in Table 3 . In Exp. 1, supplementation of fumaric acid to a diet with a low buffering capacity tended (P < .10) to increase ileal digestibilities of DM and OM. The digestibilities of CP, GE, and the majority of amino acids were increased (P < .05) by supplementation of fumaric acid to the diet with the low buffering capacity. The highest increases were found at an inclusion level of 2% fumaric acid. Of the indispensable amino acids, except for methionine, the differences ranged from 5.6 (lysine) to 8.3 (threonine) percentage units. Of the dispensable amino acids, except for glycine and tyrosine, the differences ranged from 4.9 (glutamic acid) to 12.8 (alanine) percentage units. The ileal digestibilities of alanine, threonine, and glycine were usually lower than those of the other amino acids.
The apparent fecal digestibilities of the variables measured in Exp. 1 are shown in Table 4 . Supplementation of fumaric acid to the diets with the low buffering capacity did not affect (P > .05) the fecal digestibilities of DM, OM, GE, CP, and amino acids.
The net disappearance of DM, OM, GE, CP, and amino acids in the large intestine (expressed as g/kg DMI) is presented in Table 5 . Supplementation of 2% fumaric acid to the diet with the low buffering capacity decreased (P < .05) the net disappearance of OM, CP, and amino acids, except for cysteine, glycine, and tyrosine.
Experiment 2. Supplementation of 3% sodium bicarbonate to the control diet in Exp. 1 increased the pH of the control diet in Exp. 2 from 5.2 to 7.4 (Table 2) . With increasing levels of supplementation of fumaric acid, the pH of the control diet with a high buffering capacity decreased .9 unit per each percentage of fumaric acid supplementation. The buffering capacity decreased from 56.7 to 23.6, close to the value of the control diet with a low buffering capacity (Exp. 1).
Supplementation of fumaric acid to diets containing sodium bicarbonate only tended to increase ileal nutrient and GE digestibilities (Table 3) . As in Exp. 1, the ileal digestibilities of the variables determined in Exp. 2 showed the highest numerical increases at an inclusion level of 2% fumaric acid. As in Exp. 1, the ileal digestibilities of alanine, threonine, and glycine were lower compared with the other amino acids. The ileal amino acid
There was no effect (P > .05) of supplementation of fumaric acid on the apparent fecal digestibilities (Table  4) . However, the fecal digestibilities in Exp. 2 were similar to the values in Exp. 1.
The net disappearance in the large intestine of the variables measured showed a numerical increase with increasing supplementation of fumaric acid to the diets with the high buffering capacity. The net disappearance in the large intestine in Exp. 1 was considerably lower than in Exp. 2 (Table 5) .
For each experiment, apparent ileal and fecal digestibility coefficients were lower (P < .05) in Period 1 than Period 2 (Tables 6 and 7 ). The percentage unit increases (P < .05) in ileal amino acid digestibilities in Exp. 1 ranged from 4.2 (glutamic acid) to 9.7 (glycine) and in Exp. 2 from 8.2 (arginine) to 22.8 (glycine) ( Table 6 ). The differences between periods in fecal amino acid digestibilities ranged from 2.4 (glutamic acid) to 7.5 (alanine) in Exp. 1 and from 2.2 (glutamic acid) to 7.8 (alanine) percentage units in Exp. 2 (Table 7) .
Discussion
The results of these experiments provide confirmation of the positive effect of fumaric acid supplementation on the ileal digestibilities of CP, GE, and amino acids in early-weaned pigs. These results are in Least squares means in the same row with different superscripts within each experiment differ (P < .05).
agreement with studies reported with growing pigs. Mosenthin et al. (1992) reported improved apparent ileal digestibilities of several of the indispensable amino acids when 2% propionic acid was supplemented to the diets. Mroz et al. (1998) showed an increase in apparent ileal digestibilities of CP and amino acids in growing pigs when supplementing formic, fumaric, or n-butyric acid at an inclusion level of 300 mmol/kg to diets with varying buffering capacities. Acidification could lead to greater responses in early-weaned pigs due to the immaturity of the digestive tract. In contrast, Giesting and Easter (1991) reported a slight, but not significant, increase in the apparent ileal digestibility of nitrogen in studies in which a corn-soybean meal diet supplemented with 2% fumaric acid was fed to early-weaned pigs. Supplementation of 2% fumaric acid to a dried skim milk diet did not improve the ileal digestibility of nitrogen. did not show an effect of formic acid supplementation on apparent ileal digestibilities of CP and amino acids for early-weaned pigs. reported a linear decrease in ileal digestibilities of CP, arginine, glycine, and tyrosine with increasing levels of fumaric acid supplementation to a wheat-soybean meal diet in early-weaned pigs. These results gave rise to a question of whether the response to diet acidification may be dependent to some degree on the source of dietary protein. Performance studies showed a greater response when cereal-oilseed meal diets were used compared with those with milk Least squares means in the same row with different superscripts within each experiment differ (P < .05).
products (Giesting, 1986) . Burnell et al. (1988) observed higher improvements in average daily gain and feed conversion efficiency when citric acid was added to diets based on corn-soybean meal compared with corn-soybean meal-whey diets. Lactose may have been converted to lactic acid and may have decreased the need for dietary acidification (Easter, 1988) .
The cause of improved digestibilities of CP and amino acids is still a matter of conjecture. Several hypotheses have been proposed; most of these are presumed to be related to the inadequate HCl secretion in the stomach of early-weaned pigs. A high gastric pH would cause a reduction in the activation of pepsin, which occurs rapidly at pH 2 and very slowly at pH 4 (Taylor, 1962) . Pepsin I has an optimal activity at pH 2; pepsin II has an optimal activity at pH 3.5. Their activities decline above pH 3.6, with no activity at pH 6.0 (Taylor, 1959) . As a result, the elevation in pH would lead to a low proteolytic activity in the stomach, and dietary proteins may enter the small intestine essentially intact, possibly resulting in a reduction in the efficiency of protein digestion. Makkink et al. (1994) measured the ratio of precipitable protein to CP in gastric contents in earlyweaned pigs. When fed skim milk powder, there was a much greater degree of protein hydrolysis in the stomach compared with soybean meal; no differences were detected in gastric pH. As reported by and , in studies on humans and dogs, the end products of pepsin digestion (peptides and amino acids) stimulate the secretion of pancreatic juice. Inadequate proteolysis in the stomach due to a high gastric pH in pigs might be a reason for the low secretion of pancreatic proteolytic enzymes (Efird et al., 1982; Lindemann et al. 1986 ). However, there is some evidence that organic acids per se stimulate pancreatic secretion. As was shown recently by Thaela et al. (1998) , supplementation of 2.5% lactic acid to a weaner diet increased (P < .05) the volume and protein content of pancreatic juice as well as trypsin and chymotrypsin secretion. The content of bicarbonate was not affected by lactic acid supplementation; therefore, it is unlikely that the stimulation of pancreatic secretions was caused by a decrease in dietary and gastric pH. Harada et al. (1986) reported a stimulatory effect of monocarboxylic acids on the exocrine pancreatic secretions. The stimulatory responses were in the following order: formic acid > lactic acid > pyruvic acid >> acetic acid > butyric acid > propionic acid. It is important to point out that acidification of starter diets does not always lead to a reduction in gastric pH (Risley et al., 1992; Roth et al., 1992) .
Another factor influencing the response to organic acids is the buffering capacity of the diet because it compensates for the reduction in gastric pH. This may be one of the reasons for the conflicting results obtained in studies with organic acids. Results reported by Jung and Bolduan (1986) demonstrated that a high mineral content in the diet increased gastric pH and microbial activity in the stomach. As shown by Roth and Kirchgessner (1989) and Bolduan et al. (1988a) the buffering capacity is dependent on the amount and source of protein as well as on the amount and source of minerals in the diet. The present results indicate that a high buffering capacity of the diet decreases the apparent ileal digestibilities of CP and amino acids. However, these results should not be overemphasized, due to a possible period effect between Exp. 1 and 2; the effect of the buffering capacity on the apparent ileal digestibilities of CP and amino acids was, therefore, not statistically evaluated. Decuypere et al. (1997) showed that a high buffering capacity of the diet, as a result of supplementation of inorganic calcium and(or) phosphorus sources, leads to lower ileal digestibilities of OM and CP. Mroz et al. (1998) , who decreased the buffering capacity of the diet by inclusion of calcium benzoate, reported a slight but not significant decrease in ileal digestibilities of CP and amino acids due to the higher buffering capacity of the diet. In contrast, did not detect differences due to a higher buffering capacity. A possible reason might have been the age of the animals. In their study, the pigs were 35 d old at the beginning of the experiment, but, in these studies, the pigs were 21 d old when the experiment started. Inadvertently, inclusion of 3% sodium bicar- Least squares means in the same row with different superscripts within each experiment differ (P < .05).
bonate to the diet led to an increase of the dietary electrolyte balance (dEB = Na + K -Cl) from 225 (basal diet, Exp. 1) to 640 mEq/kg (basal diet, Exp. 2). Haydon and West (1990) showed that increasing the dEB concentration from -50 to 400 mEq/kg of the diet linearly increased the apparent ileal digestibilities of N, energy, DM, and the majority of amino acids; nutrient and amino acid digestibilities measured over the total digestive tract were similar among the different dEB concentrations. Patience et al. (1986) reported that supplementation of 2.6% sodium bicarbonate to the diet did not affect the apparent ileal digestibilities of N, lysine, tryptophan, and energy. Taking these results into consideration, it seems more likely that the decrease in the apparent ileal digestibilities is caused by the increase of the buffering capacity and not by the increase in the dEB.
Furthermore, our results indicate that the buffering capacity of the diet alters the effect of fumaric acid on ileal digestibilities. In Exp. 1, there was a good correlation (r = .44 to .68) between the apparent ileal digestibilities of amino acids on d 11 after weaning and the level of fumaric acid in the diet. In Exp. 2, when supplementing fumaric acid to a diet with a high buffering capacity, no relationship between the ileal digestibilities of amino acids on d 11 after weaning and the level of fumaric acid could be established. The probabilities of significance for the intercepts of the regression. In Exp. 1 and 2, no relationship was observed between the ileal digestibilities on d 24 after weaning and the level of fumaric acid in the diet, indicating that the beneficial effect of fumaric acid may be related to morphological changes of the gastrointestinal tract.
Within one day after weaning, villus height decreases, resulting in a decrease in the absorptive area of the small intestine (Hampson, 1986) and net absorption of fluid and electrolytes in the small intestine (Nabuurs et al., 1994) . As shown by Sakata (1987) and Sakata et al. (1995) , short-chain fatty acids, such as acetic, propionic, and n-butyric acid, produced by microbial fermentation of dietary fiber in the large intestine may increase the proliferation of epithelial cells. Gá lfi and Bokori (1990) demonstrated an increase in the length of the microvilli in the ileum and the depths of the crypts in the cecum in growing pigs when fed with .17% Na-butyrate. There is a possibility that fumaric acid, as a readily available energy source, may have a local trophic affect on the mucosa in the small intestine and lead to an increase in the absorptive surface and capacity in the small intestine due to faster recovery of the gastrointestinal epithelial cells after weaning. More research is needed to show where fumaric acid is metabolized.
The means of the apparent ileal as well as the fecal digestibilities in these studies were higher (P < .05) in experimental Period 2 (on d 24 after weaning) than in Period 1 (on d 11 after weaning). The increases in digestibilities with age may result from further development of the immature digestive tract of pigs. The secretion of HCl in the stomach as well as the secretion of digestive enzymes increases up to 7 to 8 wk of age (Efird et al., 1982; Cranwell and Moughan, 1989) .
In conclusion, these results show that the supplementation of fumaric acid to starter diets during the first 3 to 4 wk after weaning increases the ileal digestibilities of GE, CP, and amino acids. An increased dietary buffering capacity has the potential to lower or mask the beneficial effect on digestibility. More research is needed to fully discover the mechanisms that lead to higher digestibilities, especially the relationship between gastric proteolysis and the pancreatic response to organic acids and possible beneficial effects on the absorption capacity.
Implications
Supplementation of fumaric acid may increase the apparent ileal digestibilities of amino acids in earlyweaned pigs. An increase in the buffering capacity of the diet may lead to decreases in apparent ileal amino acid digestibilities in early-weaned pigs. The digestibilities should be greater on d 24 after weaning than on d 11 after weaning. Improvement in the digestive and The probabilities of significance for the intercepts of the regression. absorptive capacity of pigs reduces the need for acidification of the diet.
